Abstract: Wearable sensor systems are of increasing interest in clinical gait analysis. However, little information about gait dynamics of patients under free living conditions is available, due to the challenges of integrating such systems unobtrusively into a patient's everyday live. To address this limitation, new, fully integrated low power sensor insoles are proposed, to target applications particularly in home-monitoring scenarios. The insoles combine inertial as well as pressure sensors and feature wireless synchronization to acquire biomechanical data of both feet with a mean timing offset of 15.0 µs. The proposed system was evaluated on 15 patients with mild to severe gait disorders against the GAITRite ® system as reference. Gait events based on the insoles' pressure sensors were manually extracted to calculate temporal gait features such as double support time and double support. Compared to the reference system a mean error of 0.06 s ± 0.06 s and 3.89 % ± 2.61 % was achieved, respectively. The proposed insoles proved their ability to acquire synchronized gait parameters and address the requirements for home-monitoring scenarios, pushing the boundaries of clinical gait analysis.
Introduction
Recent studies demonstrated the benefits o f w earable sensor systems in ambulatory clinical gait analysis but also emphasized the need for continuous monitoring of gait in the home environment [1, 2] . At the same time, insole based wearables are becoming increasingly popular as they are able to combine pressure sensors and inertial measurement units (IMU) to unobtrusively acquire various gait parameters. How-ever, many of the insole based systems found in literature [3] are not designed for home-or long-term monitoring. This is due to the challenges of integrating these sensing modalities unobtrusively into a patient's everyday life: for example, the insole's electronics must be fully embedded to enable a non-stigmatizing system with high wearing comfort and extended usability while providing a long battery life [4] . The SmartStep 2.0 [5] and the WIISEL system [6] are two of the few systems which attempt to address these requirements. However, they only achieve low sampling frequencies between 30 Hz to 50 Hz to allow the necessary battery run-times or require a continuous connection to an additional smart device, which could lead to data loss due to connection problems over the day [7] . Although gait is a complex interplay between left and right limbs as well as feet, most of the available wearable gait analysis systems only calculate parameters from left and right foot independently. This is due to a lack of accurate and easy to use synchronization possibilities for these systems. However, the measurement of gait parameters such as double support and double support time requires an accurate synchronization between both feet. These parameters are of particular interest in home-monitoring, as they were found to be associated with an increased risk of multiple falls [8] and also showed the strongest impact for assessing a new risk of falling index in a recent home-monitoring study [7] .
To address the challenges of gait analysis during homemonitoring, novel synchronized and low-power sensor insoles are proposed in this paper. The presented insoles are able to unobtrusively measure synchronized gait parameters even at high data rates and still maintain a long battery live. The calculation of parameters such as double support and double support time are evaluated in a study together with the achieved synchronization accuracy. and connected to the ADC of the nRF52. In order to calculate spatial parameters such as stride and step length or foot clearance [9] , the insoles also include a low-power IMU (BMI160, Bosch Sensortec). Special effort was put into the low-power design of the insole, resulting in continuous run-times of about 40 h on a single battery charge, while logging sensor data at a sampling frequency of 200 Hz to an integrated 4 GBit flash memory. To meet the required usability for home-monitoring, the insoles include a Qi-compliant charging circuit, resulting in a completely wireless and easy to use system. All components including the electronics, a 120 mAh lithium-ion battery, Qi-coil, and the three pressure sensors were integrated into a commercial available foam based insole. While the pressure sensors were placed at anatomical landmark positions for efficient stride segmentation, namely on the heel and medial as well as lateral forefoot, the battery and electronics were placed under the arch of the foot to protect them from high amounts of pressure and improve wearing comfort.
Wireless Synchronization
Wireless synchronization was achieved by exploiting the proprietary 2.4 GHz radio capabilities of the nRF5x series. By using Nordic's Timeslot-API it is possible to get full access to the 2.4 GHz radio in between BLE events, and thus maintain full BLE connectivity while transmitting and receiving custom synchronization packets. Through direct radio hardware access, timer values can be read on an interrupt level to achieve a constant and known time delay between packet transmission and packet reception. On this basis, a star synchronization topology was implemented with one central master node and multiple slave nodes. Therefore, the master node broadcasts its current timer value together with an incremental sample counter, while all slave nodes listen for new synchronization packets. On packet reception, a slave node can then calculate its offset to the clock of the master node and correct its internal timer accordingly, as illustrated in Figure 2 . In this way, a continuous correction of the occurring clock offsets and clock drifts can be achieved. The additional sample counter can later be used to realign the data streams of all sensor nodes after a recorded session. In this paper this synchronization approach was used to synchronize the proposed insoles as well as an additional reference system for later evaluation. To quantify the accuracy of the presented synchronization method, the time difference between each sampling event on both insoles based on a 200 Hz sampling frequency was measured. To detect the exact sampling events, a GPIO pin on each insole was configured to toggle with every new sample. The resulting square-wave outputs were recorded using a logic analyzer (Saleae) and processed via a custom Python script to calculate the synchronization accuracy.
Study Design and Data Acquisition
In order to evaluate the calculation of gait parameters using the insoles, data was collected in an ambulatory setting from 15 patients with mild to severe gait disorders; nine patients were diagnosed with hereditary spastic paraplegia (HSP) and four with multiple sclerosis (MS) (age: 55.2 y ± 9.6 y). All patients performed twice a 4 x 10 m walk at a self-chosen, comfortable pace while wearing the proposed insoles. The GAITRite ® walkway system was used as reference; the full length (792 cm) of the carpet was walked over by the patients during each 10 m walk. Patients used a walking aid as needed during the test (crutches: n = 5, wheeled-walker: n = 3, none: n = 5). All subjects gave written, informed consent, prior to the data collection. (This study was approved by the local ethics committee Nr. 4208, 21.4.2010, IRB, Medical Faculty, FriedrichAlexander-University Erlangen-Nuremberg, Germany).
To obtain a high biomechanical and temporal resolution, IMU and FSR sensors were logged on the embedded flash memory at 200 Hz for each insole during the study. Both insoles as well as the GAITRite ® system were synchronized using the before described method to enable an accurate evaluation of temporal gait parameters. Logging and downloading of the recorded insole data was controlled by BLE communication via a custom Android App, which will be replaced by a small base station in home-monitoring applications.
Due to a technical error and resulting data loss, two patients had to be excluded completely for evaluation as well as one 4 x 10 m trial of one patient. Thus, evaluation was performed on a total of 13 patients; as patients turned before and after the GAITRite ® system only straight strides were considered; total number of strides = 1321.
Temporal Gait Event Extraction
GAITRite ® : Reference labels for initial contact (IC) and terminal contact (TC) were extracted from the GAITRite ® system using the provided software (v4.7). Manual correction, as recommended by the software, was performed, as some of the patients had a "dragging gait", which resulted in segmentation errors.
Insole: For this study, IC and TC were labeled manually using the normalized signals of the pressure sensors. Signal features were selected, such that they could be used for automatic event detection in future applications; the start of the ascending slope of the heel pressure sensor was labeled as IC and the end of the descending slope of the lateral forefoot pressure sensor as the TC event. The lateral pressure sensor was chosen due to better signal quality compared to the medial pressure sensor on the forefoot. The labeled gait events also corresponded to the prominent peaks of the gyroscope data in the sagittal plane, which represents the swing phase of the foot (Fig. 3 ). 
Double Support Calculation
For the evaluation, double support time (DST) and double support (DS), which is given as the ratio between stride time and DST, were calculated, as these parameters require accurately synchronized data between the feet. Also, simpler temporal parameters such as single support, stride time, step time as well as stance and swing times can be easily derived from these. After IC and TC were extracted, initial DSTs and terminal DSTs were calculated using the time difference between right IC and left TC and vice versa (Fig. 3) . This was performed for both systems. The complete DST and DS was then calculated per stride, which was defined from IC to IC of one foot.
Results and Discussion

Synchronization Accuracy
A linear drift of about 6.4 µs/s between both insole timers could be identified during laboratory testing. If left uncorrected, such clock drifts would accumulate to large timing errors and decrease data accuracy, especially in long-term monitoring applications. The overall synchronization accuracy is therefore directly related to the synchronization interval as the error between clocks grows linearly over time [10] . However, shorter synchronization intervals also lead to a higher power consumption due to more radio activity. In the presented application a synchronization interval of 5 s was chosen as a trade-off between power consumption and synchronization accuracy. This resulted in a mean synchronization accuracy of −15.0 µs ± 19.2 µs and absolute maximum error of about 158.3 µs. The overall error distribution is illustrated in the boxplot in Figure 4 . 
Double Support Evaluation
Detailed results of the DS and DST measurements are shown in Table 1 and Figure 5 . The DST and DS calculated from the insole data correspond well with the GAITRite ® system's, with a mean error of 0.06 s and 3.89 %, respectively. The results were comparable to a recent validated insole based system, called the eShoe [11] . The overestimation could be related to some unclear pressure slopes, caused by the nonlinearity of the specific FSR sensors used. Therefore, IC and TC were labeled too early or too late; the TC events were more affected than IC events, as pressure levels changed slower on TC compared to IC. For some patients, also "dragging" of the feet was a major problem which sometimes created artifacts in the insole pressure sensors as well as in the GAITRite ® data.
Overall DST and DS were high for the majority of patients in this study. This might be related to an increased postural instability, which was found to be linearly correlated to DST in [12] . Values are given in mean ± standard deviation and Spearman correlation coefficient (CC). n = 1321 strides from 13 subjects.
Conclusion
Synchronized, low-power sensor insoles were presented for continuous measurement of gait parameters for upcoming home-monitoring scenarios. Components were fully integrated into the insoles to enable non-stigmatizing and unobtrusive data acquisition to meet the requirements for longterm data acquisition. Exploiting a star synchronization network, it was possible to correct clock drifts with an accuracy in the range of tens of microseconds between multiple sensor nodes and an external reference system. Furthermore, the insoles were evaluated in a clinical study compared to the GAITRite ® reference system. Double support time and double support were calculated with an adequate accuracy. A limitation of this study was the manual labeling of the insoles' pressure data, which should be replaced by state of the art pattern recognition algorithms. In addition, the long-term stability and long-term usability of the sensor insoles need to be assessed in further home-monitoring studies. However, the proposed insoles already proved their ability to measure clinical relevant data in an unobtrusive way and will help to enable a seamless integration of long-term gait monitoring into a patients everyday life.
